Abstract: A monocrystal of F e 3 O 4 is characterized by resistance, magnetoresistance and magnetic measurements in a temperature range from 4.2 K to 350 K and magnetic field-cycling from -9 T to 9 T. The resistance measurements revealed a metal-insulator Verwey transition (VT) at T v = 123.76 K with activation energy E = 92.5 meV at T > T v and temperature-substitute for the activation energy below the VT, T 0 = E/k B ≈ 3800 K within 70 K -110 K. The magnetotransport results independently verified the VT at 123.70 K, with discontinuous change in the magnetic moment ∆M ≈ 0.21 µ B and resistance hysteresis, dependent on the magnetic field in a narrow temperature range of 0.4 0 around the T v . The magnetic characterization established self consistently T v as ≈ 123.67 K, the jump in the magnetization at the VT ≈ 0.25 µ B and confirmed, that the magnetocrystalline anisotropy is the main microscopic mechanism responsible for the magnetization of the monocrystal (88 %) with additional natural and imposed defects contributing as 12 %.
Introduction
The spinel iron oxide F e 3 O 4 , also known as magnetite, has been the target of extensive studies over the years due to its unique set of transport and magnetic properties; it is of interest from both a scientific and technological point of view. Magnetite has a cubic inverse spinel crystallographic structure with tetrahedral sites occupied by F e 3+ ions and octahedral sites shared by F e 3+ and F e 2+ . The magnetic moments of the F e 3+ ions on octahedral and tetrahedral sites are opposite and compensate each other, thus the net magnetic moment and behavior of F e 3 O 4 arises mainly from the F e 2+ ions making it a ferrimagnet [1] . F e 3 O 4 is a ferrimagnetic semiconductor from room temperature down to the Verwey transition at T = T v ≈ 120 K and a ferrimagnetic insulator below [2, 3] . At T v occurs a first order metal-insulator (MI) phase transition which is accompanied by structural and conductivity changes in the material [2, 3] . Its cubic symmetry is broken by lattice distortions and the conductivity drops by two orders of magnitude upon cooling.
The Verwey temperature itself proves to be quite sensitive to the stoichiometry of the constituents. While F e deficiency leads to a change in the character of the transition from first order to second order at δ = 0.004 in F e 3(1−δ) O 4 [4] , the balance in the oxygen stoichiometry can influence T v as well: an increase up to 6 degrees is reported in Ref. [5] when 43 % of the oxygen is replaced by the 18 O -isotope. The oxygen stoichiometry may also be crucial against the unwanted FeO phases -the ferrimagnetic γF e 2 O 3 , the antiferromagnetic αF e 2 O 3 and the antiferromagnetic γFe [1, 6] . Doping is another way to influence the Verwey transition: it can be controllably modified, changing physical parameters such as the activation energy E, when small amounts of Ti or Zn are inserted for Fe [7] or F for O in F e 3 O 4−x F x [3] . The relatively high Curie temperature (T c ) of F e 3 O 4 (≈ 850 K) and reported high polarization of the 3d conduction band make this an attractive material in the semiconductor industry and in random-access memory devices [8, 9] . The low-field magnetoresistance observed in F e 3 O 4 [8, 9] and CrO 2 [10] is usually associated with a change of the relative orientation of ferromagnetic regions separated by grain boundaries or interparticle contacts. It is a technological challenge to optimize the magnetoresistance of this material, especially when it is fabricated in easily accessible conditions like an electrochemical environment [11] . The moderate-to-high values of the saturation magnetization (M s ) of bulk F e 3 O 4 at room temperature -84 emu/g [1] -make this material applicable in giant magnetoresistance (GMR) devices as an oxide layer, as well as a magnetic layer. Rapidly developing areas of research and technology like spin, ohmic and ballistic injections, spin transport and spin transfer [12] need a clarified reproducible mechanism of F e 3 O 4 monolayer growth e.g. onto semiconducting surfaces. Works on powders made of F e 3 O 4 -nanocrystals report a large magnetoresistance effect -up to 500 % at room temperature [13] , and very promising potential in using them as tunnelling junctions of stacked monolayers [14] . However the extensively large variety of data and experimental methods of investigating bulk, thin film and nano-powder of F e 3 O 4 still may need a versatile directed approach towards a goal, based on a need to have reproducible, well-interpreted and motivated results with practical applications.
The objective of this work is combined research on an F e 3 O 4 monocrystal using basic aspects of investigation -transport, magnetotransport and magnetic properties. The immediate goal of the study is the impact of the Verwey transition on such macroscopic observables as the magnetoresistance and the low-field magnetization.
Experimental techniques
The transport and magnetic properties of the F e 3 O 4 monocrystal were studied using a commercial Quantum Design Physical Property Measurement System -9, operating in the temperature range from 2 to 350 K and a magnetic-field range ± 9 T.
The transport experiments: temperature dependence of the resistance R (T) and magnetoresistance MR ≡ f(T,H) were carried out using the four-probe dc mode. (f signifies a general function.) The isothermal magnetoresistance was measured in the field -range of ± 9 Tesla with electric current applied perpendicular and parallel to the magnetic field with the sample oriented in the [001] direction determined from independent physical property measurements (Hall-effect and magnetoresistance), using a rotating sample holder. The magnetoresistance ratio is defined as MR ≡ (R 0 -R Hs )/R 0 -a unitless number, where R 0 is the resistance with no magnetic field applied at a fixed temperature, and R Hs is the resistance at the same temperature with applied field of H s . In many cases but not necessarily, H s is associated with the magnetic saturating field for the particular sample at the direction of the measurement. If the sample does not reach magnetic saturation, then all performed magnetoresistance measurements and results discussed, are done using one and the same limiting field (in this work 0.9 T).
The dc magnetization measurements: temperature dependence of the zero-field cooled and field-cooled magnetizations M ZF C and M F C , and hysteresis at designated temperatures were made to get insight on the nature of the ferrimagnetic state. The low-field dc magnetic measurements were carried out using a field of 8000 A/m (100 Oe), in the linear response-field-range at 300 K. In the M ZF C (T ) -measurement procedure, the sample is initially cooled down in zero field to 4.2 K, then a field of 8000 A/m is applied for the measurement, and the M ZF C (T ) is recorded in steps from 4.2 K to 340 K. The M F C is measured on cooling from 340 K to 4.2 K in the same field. Hysteresis measurements were made at a number of temperature points after thorough demagnetizing of the remanent field to obtain the coercitivity at each temperature point. The measurements are performed on increasing the field from zero to 0.9 T, then to -0.9 T, and back to 0.9 T.
Results and discussion

Transport properties
The transport properties evidence the metal-insulator transition and the impact of external and internal factors like fabrication procedure and stoichiometry of the ingredients. They contain primary information on the mechanism of the transport in F e 3 O 4 . Fig. 1 presents the temperature dependence of the dc resistance of the F e 3 O 4 monocrystal. In the inset of Fig. 1 (a) is shown the determination of the Verwey temperature as the local maximum of the Arrhenius plot, in this case presented by ln(R/T) vs. 1/T [9] .
According to the small-polaron (SP) model developed by Ihle and Lorenz [15] the transport behavior of F e 3 O 4 can be described within the frames of the SP-band and SP-hopping mechanisms. (Small polarons are introduced to describe the electron-phonon interaction [15] .) At temperatures T T v , the main transport mechanism is the variable range hopping (VRH) of small polarons [15] . At this temperature-range the resistivity is described by:
where ρ 0 is the limiting value of ρ(T ) at low temperatures and T 0 is a parameter (activation energy) in units K (K = Kelvin degrees). The borders of the low-temperature range, which is governed mainly by the VRH, are argued. According to Drable et al. [16] (a), VRH takes place below 70 K, while Graener et al. [16] (b) report this range to be from 40 K to 100 K. The purity and the method of preparation (Pai et al. [16] (c)) influence the exact borders of the VRH mechanism. Our data from 70 K to 110 K was fitted using Eq. (1) and the obtained value for T 0 equaled ≈ 3800 K. The quality of the fitting improved in the range of 70 K -80 K, and the value of T 0 was adjusted to ≈ 3300 K. The reported values on T 0 in Ref. [17] (epitaxial F e 3 O 4 thin films) are four orders of magnitude higher and they are calculated in the range of 60 -120 K. The different temperature range and sample type investigated could possibly explain the discrepancy in the results. At temperatures close to T v on both sides, the conductivity of F e 3 O 4 is a result of superimposing both mechanisms -SP-band and SP-hopping. At temperatures T > T v , the dominant mechanism is the SP-band conduction, and the resistivity is described by the activated-law dynamics:
where the denotations are similar to those in Eq. (1): E represents the activation energy in Eq. (2), k B is the Boltzmann constant, and the exponent n is a rational number. We obtain E ≈ 92.5 ± 0.8 meV for the activation energy of F e 3 O 4 at T > T v . The data was best fitted for n = 2.13. The estimated E is within the range (60 -180 meV) of the reported values for the F e 3−x T i x O 4 single-crystalline specimens [7] . The generally higher numbers reported by Kazowski et al. -from 0.06 eV to 0.18 eV in Ref. [7] -are attributed to the increase of the Ti content in F e 3−y T i y O 4 .
Magnetotransport properties
An overview of the existing experimental results on the magnetoresistance in oxides and multilayers shows that the resistance is largest when the magnetic moments in neighboring domains are antiparallel and smallest when the domains align in the applied field. The magnetoresistance ratio MR(T,H) increases upon cooling and in repeated structures, i.e. the effect is dependent on spin-scattering and on the relative lengths of the mean free paths [18] . (Ideally if the material reaches magnetic saturation in the used field range, the MR results will not depend on the magnetic field, however in many cases when saturation is not achieved the results maybe interpreted as dependent on the applied field.) Aiming high values of the MR is a technically important issue for the oxides used in tunnel junctions. The specific form of the MR(T,H)-plot is informative about the scattering mechanisms and the degree of polarization in the F e 3 O 4 3d conduction band. Generally two types of MR(T) behavior are observed in F e 3 O 4 materials when cooled down below the Verwey transition -a sharp maximum at T v , or instead a simple monotonic increase [19, 20] . While for F e 3 O 4 monocrystals the depicted MR(T) is with an extremum around the Verwey temperature [19] , it is not always so for F e 3 O 4 thin layers [9, 20] . The results on the MR(T) of F e 3 O 4 /c-Sapphire(0001) show monotonic increase upon cooling down to ≈ 30 K [20] . In contrast, the MR(T) exhibits a sharp maximum at the T v for F e 3 O 4 /SrTiO 3 (100) and F e 3 O 4 /MgO(001) [9, 20] . A total increase of up to ≈ 40 % in the MR(T) is reported for the thin layers in Refs. [9, 20] when cooled from room temperatures down to 30 K. A resistance hysteresis as a function of the applied magnetic field at temperatures very close to the Verwey transition is a common observation for the thin layers and bulk materials discussed in Refs [9, 19, 20] . Our experiments confirm the resistance hysteresis within 0.4 degrees temperature range starting from the T v .
Macroscopically the discontinuous change in the MR at T v can be associated with the discontinuous change of the thermodynamic quantities -enthalpy and entropy. Thus the physical quantities determined from experimental data can be presented as [19, 20] :
∆MR in Eq. (3) is assigned to the change of the magnetoresitance at the closest temperature-range around the Verwey transition, and ∆M -to the change in the magnetization at T v per F e 3 O 4 formula unit, H and k B are the limiting applied field (0.9 T in our experiments) and the Boltzmann constant, δT 1/2 is the full width at half maximum (FWHM) of the MR extremum around the Verwey temperature. The experimentally determined ∆MR and T 1/2 give an idea about the change in the magnetization at the Verwey transition ∆M (per F e 3 O 4 formula unit). In Fig. 2 (a) and (b) are presented some results on magnetoresistance measurements made at various temperatures using a temperature step 0.1 0 with electric current through the sample perpendicular to the applied field. In Fig. 2 (a) In Fig. 2 (b) is shown the reduced magnetoresistance R(H)/R(0) as a function of the applied field for a temperature very close to T v , and in the inset of Fig. 2 (b) is presented the R(H)/R(0) vs H for T = 123.80 K -a temperature at which MR hysteresis was first observed and further retained down to the temperature of 123.40 K, i. e. for an interval of ∆T ≈ 0.4 degrees. The displayed extremum in Fig. 2(a) 
Magnetic characterization of F e 3 O 4
The magnetic characterization of F e 3 O 4 performed in this work aims to establish independently the Verwey transition temperature, observe the nature of the ferrimagnetic state and obtain such characterizing parameters of the sample as saturation and switching fields (H s and H sw ), coercive field (H c ) and squareness of the hysteresis loops S. (The squareness is defined as S ≡ 1 -M r /H c *dM/dH H→Hc , where dM/dH H→Hc is the first derivative of the magnetization at H = H c .) In Fig. 3 (a) are displayed the temperature dependencies of the M ZF C and M F C . M F C is presented with 0.5 % error bars, which is the maximum error in determination of the measured magnetic moment in the experiment. The inset of Fig. 3 (a) shows the determination of the Verwey transition temperature as a local maximum in the dM/dT vs. T plots. The maximum shown in the inset corresponds to the inflection point of M vs. T in the vicinity of the Verwey transition † .
As observed in the figure, F e 3 O 4 exhibits temperature induced irreversibility of the M ZF C and M F C below the Verwey transition, which manifests the nature of the ferrimagnetic state -its stability upon heat and low-field perturbations. We associate the magnetic history below T v in low-field measurements with the distortion of the crystallographic structure at the Verwey transition. The ferrimagnetic state "responds" to the distortion with partial disorder which results in some similarity in the magnetic behavior with spin-glasses, for example. The estimated abrupt change in the magnetization from the VT up is ≈ 0.27 µ B -it is over 20 % higher that the estimated value from the magnetotransport measurements. A second run of the experiment resulted in estimated discontinuous change in the M ≈ 0.23 µ B . We ascribe these discrepancies to the sensitivity of the measuring instrument and accept an average value of ≈ 0.25 µ B for ∆M established from magnetic measurements. The MI phase transition, which takes place at ∼ 123 K in F e 3 O 4 , affects the behavior of major physical parameters like the coercitivity. While the H c of ferromagnetic materials decreases monotonically upon heating the material, the H c has a local minimum around the Verwey transition in F e 3 O 4 as evidenced in Fig. 3 (b) . The H c drops by 33 % upon cooling from 130 K to 120 K. We find similar decrease of the coercitivity of ∼ 8 % in the range of 130 -120 K in epitaxial F e 3 O 4 /InP thin layers [21] . The temperature range "affected" by the abnormal change of the coercitivity is ≈ 30 degrees, which gives this material potential as a magnetic temperature sensor. In the inset of Fig. 3 (b) are presented exemplary hysteresis loops measured at 40 K and 110 K. It is observed in Fig.∼ [23] and NiFe(5 nm)/Au(5 nm)/F e 3 O 4 (20 nm) /Au(100 nm)MgO(100) [24] thin-film structures.
The saturation fields of the monocrystal are temperature dependent. Fields as large as 1 T could not lead to magnetic saturation at the lowest temperatures 10 -70 K, and were able to saturate the sample at higher temperatures. F e 3 O 4 is known to have H s ≈ 0.1 T [1] . Similar discrepancies encountered were interpreted with impurities of the iron oxide -the presence of alien antiferromagnetic αF e 2 O 3 [1] . We infer the unusually low values of the coercitivity in the lowest temperature range of the measurements (5-10 Oe) to traces, undetectable by XRD of ferrimagnetic γ F e 2 O 3 .
Microscopic specifics of the material -magnetocrystalline anisotropy (MCA), strains and imperfections -predispose the approach to saturation of the magnetization [25] . While the MCA contributes to the field dependence of M(H, T = const.) as:
the strains and imperfections in the material modify the field dependence as [25] :
A small change (∼ 10 %) in the magnetic saturation from 30 K to 300 K is usually indicative of the defects as the predominant factor over the magnetocrystalline anisotropy, while a strong temperature variation in M s associates the MCA as the dominating microfactor in the magnetic behavior [26] . The magnetization isotherms as a function of the increasing field for T = 115 K and 130 K are shown in Fig. 4 . The measured M(H) data, fitted according to Eqs. (3), (4) and a complex function taking into consideration both mechanisms with different weights, confirm that the MCA is the main contributing factor to the magnetic saturation in F e 3 O 4 (88 %), while there is 12 % input due to the imperfections in the crystal.
Conclusions
An F e 3 O 4 monocrystal was investigated using dc resistance, magnetotransport and magnetic measurements. The Verwey transition was evidenced by all used techniques and the Verwey temperature T v ≈ 123.7 K, established independently from each method varies within ± 0.1 K. The small variation may be partially due to the method of determination of T v , as well as defining T v for each measurement-procedure, errors of experiment and fitting of the data. At the Verwey transition the magnetization and the coercitivity change discontinuously with ≈ 0.25 µ B and 30 % correspondingly, the first established with magnetotransport and dc magnetic measurements. The estimated value of the activation energy of the particular monocrystal is ≈ 92.5 ± 0.8 meV at T > T v , which is within the frames of the reported values [7] . We ascribe the slightly higher value of E from the reported in Ref. [7] -60 meV -to the errors outlined, as well as possible traces of γF e 2 O 3 which afflicts other physical quantities as the coercitivity, especially at low temperatures. As expected for monocrystalline materials, the MCA is the main contributing factor (88 %) in the magnetic saturation of the sample. It predisposes the form of the saturation plot and consequently the value of the saturation field. The residual 12 % casual contributors maybe ascribed to natural and imposed defects, which possibly lead to the low magnetic remanence of the material.
